SUMMARY The physiopathology of the Babinski sign was investigated electrophysiologically in patients with spinal cord lesions. The stimuli were delivered via a blunt probe. The force exerted perpendicular to the plantar surface and the forward displacement of the probe were measured. The responses were recorded by surface electromyography of the Extensor Digitorum Longus and Flexor Hallucis Brevis. The latencies ofthe responses were 160-500 ms. The shortest latencies were observed after strong and fast-increase, moving or static stimuli. The responses to weak, gradual stimulation, appeared at a constant delay after the start of the displacement, equal to the minimum latency. An earlier phasic response was observed after fast-increase stimulations in two subjects. The long latency of the responses is probably due to a long central delay, similar to the late flexion reflex following electrical stimulation.
Since its original description in 1896,' the Babinski sign has been widely used in clinical neurology and its underlying pathophysiology has been the subject of considerable debate.2-7 It is usually agreed that it is part of the general flexion reflex released by a pyramidal lesion.37 The normal plantar reflex is either described as a "private" purely cutaneous reflex27 or as the extensor component of a coordinated withdrawal from a nociceptive stimulus.89 We recently demonstrated'0 that the flexion reflexes that are induced by electrical stimulation of the peripheral nerves of patients with a complete spinal cord section could be separated into two distinct reflexes with latencies of approximately 100 ms and between 130 and 400 ms, respectively. The early reflex was similar to the flexion reflex of normal subjects," and corresponded to the nociceptive flexion reflex of spinal-sectioned animals.'2 '3 We showed'0 that the late reflex had its own pathway, with a central conduction time of at least 100 ms, and was similar to the late flexion reflex found in DOPA treated acute spinalsectioned cats. '4 This study was undertaken to determine whether the Babinski sign is an "early" or a "late" flexion reflex. Therefore, we investigated the latency of the flexion reflex resulting from natural mechanical stimuli similar to those used in clinical neurology.
The action of toe extensor muscles is, physiologically, a flexion movement since it leads to a shortening of the limb;'2 conversely, the action of the toe flexors leads to a lengthening of the limb. In this paper, the terms "flexion" and "extension" are used in the physiological sense.
Methods
Patients Nine patients (three women and six men, aged , all with a clear Babinski sign, participated in this study. They were inpatients at the rehabilitation centre and had volunteered to take part after being informed of the experimental aim of the study. All had paraplegia due to indirect spinal cord trauma which had induced a clinically complete section of the cord in four cases. The lesion levels were from D8 to C7, and the time between the initial trauma and the date of the examination was between two months and three years. We considered the spinal lesion to be complete in four cases, since the patients were incapable of any voluntary movement below the level of the lesion and had total sensory loss. Two patients with incomplete lesions had a moderate injury and were able to walk with a support; they could voluntarily flex their ankles and their plantar sensitivity was abnormal but present. The remaining three patients had severe cord injuries; they had minimal residual voluntary movements and sensitivity. All the selected patients had readily elicited flexion reflexes and brisk tendon jerks. Patients with uncontrollable flexor spasms were not included in this study.
Electrophysiological study ofthe Babinski sign in paraplegic patients
The patients were free from any medical complications of paraplegia at the time of the examination.
Stimulation
Stimuli were administered via a blunt steel probe screwed to a force transducer. For mechanical stimulation the experimental apparatus comprised a wooden frame and a sliding chariot (fig la) . The force transducer was placed in the chariot and inserted into a cylindrical well perpendicular to the plane of the frame. The stretch of the transducer was maintained by a spring with a force of 20 N. Rotation movements were prevented by a stop. The nylon wheels ofthe chariot containing the force transducer were placed in two aluminium rails to allow movements along the main axis of the frame. The wire of a displacement transducer was fastened to the sliding chariot to measure the force exerted perpendicular to the plane of the frame and the longitudinal displacement of the probe.
The patient sat in his/her wheel chair during the recording session. The frame was then placed obliquely in front of the patient. An examiner supported the limb at the knee and the ankle, with the foot passively extended. The frame was positioned parallel, 1 cm from the sole, with the lateral plantar border in front of the probe. A second researcher performed the stimulation with the probe. The effects of the two types of stimuli were compared. Moving stimuli were designed to simulate the clinical procedures used to test the Babinski sign: the probe was moved along the lateral plantar border towards the toes.'5 Static stimuli consisted of firm steady pressures to the medial third of the lateral plantar border. Twenty to 50 moving and static stimuli of varying force and duration were applied in each session. The maximum stimulation time was 1 to 2 s and at least 8 s separated the stimuli. Care was taken to ensure that the limb was relaxed before each stimulation.
Recording
The most sensitive effector of the Babinski sign is the Extensor Hallucis Longus (EHL).36 The EHL muscle is a deep muscle covered by the Extensor Digitorum Longus (EDL) and the Tibialis Anterior (TA) muscles which usually fire together with the EHL. As the lack ofselectivity was not a problem in patients with a clear Babinski sign, muscular activity was recorded by surface electromyography (EMG). The recording surface electrodes were placed above the belly of the EDL, at the middle third of the leg, just external to the tibial crest. The Flexor Hallucis Brevis (FHB), the effector of the normal plantar reflex, was also recorded by surface EMG using electrodes placed at the medial part of the plantar arch. The range of stimuli delivered during e mental session was roughly similar for all s varied within the limits shown in table 1. M stimuli had no nociceptive character and that they were not felt as painful by normi EDL response threshold In most of the experiments with moving EDL muscle response occurred after indicating that the force threshold was lou minimal force of the stimulation (1-2 N subjects with a complete spinal cord sei responses only appeared ifstimuli were stre force threshold of 3-6 N. Stimuli inducing were also characterised by a force-time sI than 10-20 N/s. In experiments with stati force threshold could be determined in all patients. It was higher (4-12 N) than the t] moving stimuli in all these patients. In th patients, both with incomplete spinal lesi( static stimuli induced a response. Even u high enough to be measured, the force observed in the patients with incomplete 1 N) remained lower than the threshold of t with complete sections (5-12 N). Roby-Brami, Ghenassia, Bussel movements Latency of the EDL response alysis of the The latency of the EDL response varied widely from part of the one stimulation to the other (from 160 to 500 ms in most ofthe subjects) and was systematically studied as probe dis-a function of the biomechanical parameters of the stimulation stimulation. Figure 2 ver than the The EDL response appeared to follow the start of 1). In three the probe displacement by a fixed interval (fig 3a) . The ction EDL EDL response latency varied linearly with probe nger thana displacement delay DT (fig 3b) . The (fig lb, 3a) . Its threshold was similar to that of the EDL response. Any tonic FHB activity could be suppressed during the first EDL burst (fig lb) .
Analysis of the results
An additional earlier response, with a latency of approximately 80-90 ms, was shown in two subjects who had an incomplete lesion. This response appeared as a phasic short-duration burst after strong and fastincrease static stimuli (fig 4a, 4c) . Later responses in both the FHB and EDL muscles were similar to those of the other patients. They were induced by more prolonged stimuli (fig 4b) , independently from the early FHB response (compare figs 4b and 4c).
Discussion
Comparison with clinical studies In this study, the EDL responses corresponding to the Babinski sign were more easily obtained (more frequently and with a lower threshold) after moving than after static stimuli. Moreover, they were triggered by the start of the probe displacement. In most of the patients, the force threshold for moving stimuli was lower than the weakest stimuli delivered in the conditions of our work. This is consistent with the results ofseveral clinical studies in which the optimal stimulus was found to be a scratch or a moving pressure.3 15 17 Although stimuli inducing a Babinski response are frequently described as nociceptive,3 7 our data confirm the previous observations of Kuhn '8 and Marshall'9 that the Babinski sign may occur after clearly non-nociceptive stimuli.
Nature ofthe responses All the responses in the four patients with a complete spinal cord section were generated at the spinal level but the participation of supraspinal structures cannot be excluded in patients with incomplete spinal cord lesions. However, such participation is unlikely. The responses had the same latency in the two groups of patients and the relationship between the stimulation parameters and the response latencies were also the same. The only difference was that the response threshold was usually lower in the patients with incomplete lesions. This suggests that the reflex pathways are more excitable in the patients with incomplete lesions and not that the pathways are different. The 80-90 ms latency response of the FHB (fig 4) is similar to the plantar reflex described by Engberg20 in the acute spinal cat as a brisk extension of the toes elicited by a tap on the plantar cushion. It was subsequently shown2' that the plantar cushion reflex was linked to the activation of an oligosynaptic pathway excited by cutaneous afferents in the Aa range. In our study, the conduction velocity of the afferents mediating this response is within the Aa range (30-50 m/s) given the distance from the foot to the spinal level S1 (more than 14 m) and the conduction velocity of a motor axons (30-50 m/s). Cutaneous fast conducting afferents are known to correspond to tactile units. 2 The early response appears only after strong and fast-increase stimuli, probably because it requires the spatial summation of the synchronised discharge of many low threshold receptors. This is consistent with the observation that the discharge of the tactile mecanoreceptors in the foot pad of the cat23 and of the human hand24 may both be time locked to the onset of the stimulation if the slope of the skin indentation is steep. Although the toe movement was not recorded, this reflex probably accounts for the brief toe plantar flexion which may preceed the Babinski sign in some patients. 3 The main responses appeared with a prolonged latency (160-500 ms) in both muscles. This is consistent with the results obtained by others who noted that the plantar reflexes appeared a few hundred ms after the onset of mechanical stimulation.3 1625 In our patients with an evident Babinski sign, all the plantar stimuli induced a dorsal flexion ofthe toe, so our study cannot show differences between the normal plantar reflex and the Babinski sign. Landau and Clare3 observed a simultaneous activation of both the EDL and the FHB muscles in normal subjects as well as in patients with pyramidal lesions. They showed that the Babinski sign is due to the dominance of the contraction of the EDL and EHL muscles. Similar results were observed after electrical stimulations.3 16 26 In our study, the Babinski sign may be assimilated to the EDL response. The precise measure of the EDL response latency and the analysis of the mechanical stimulation provides further opportunity for discus- Roby-Brami, Ghenassia, Bussel This hypothesis was formulated by Pierre Marie and Foix' at the conclusion of their pioneering work which compared their clinical observations with Sherrington's work"2 on spinal stepping. "Le reflexe de
Babinski appartient au meme ordre de mouvements automatiques que le reflexe des racourcisseurs, c'est a dire en demiere analyse a un automatisme de marche."* We are grateful to the patients who took part in this study, B Guezard for his technical assistance, and to 0 Parkes for correcting the English.
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